Introduction
============

The incidence of coronary heart disease is approximately raised by two-fold in type 2 diabetes, and remains the most important cause of morbidity and mortality in diabetic patients.^\[[@R1]\]^ Accelerated atherosclerosis has been observed in diabetic patients,^\[[@R2]\]^ and several studies have pointed out that hyperglycemia and insulin resistance are the two most important risk factors.^\[[@R3]\]^ However, clinical trials and meta-analyses showed limited benefits of intensive glucose lowering treatment on all-cause mortality and deaths due to cardiovascular causes.^\[[@R4],[@R5]\]^ Therefore, pharmacologic interventions targeting other specific mechanisms are warranted to alter the increased risk of atherosclerosis in diabetes.

Macrophages in response to the surrounding microenvironment polarize to different phenotypes. There are two main classes of macrophages: classically activated (M1) pro-inflammatory macrophages and alternatively activated (M2) anti-inflammatory macrophages.^\[[@R6]\]^ Studies have revealed that imbalance in macrophage polarization was the key pathological factor for a variety of immune-related diseases such as autoimmune diseases, tumor, and atherosclerosis.^\[[@R7]\]^ Both M1 and M2 macrophages have been identified in atherosclerotic plaques of human as well as mouse,^\[[@R8]\]^ and increased ratio of M1 over M2 polarization in human atherosclerosis was related to plaque instability.^\[[@R9]\]^ In mouse models of atherosclerosis, the approaches to increase M1 polarization accelerated plaque formation,^\[[@R10],[@R11]\]^ while increasing M2 polarization induced atherosclerosis regression.^\[[@R12],[@R13]\]^ These suggested that manipulation of macrophage polarization might have therapeutical potential in treating atherosclerosis.

Cellular metabolism had a great impact on macrophage polarization and functionality. M1 macrophages are highly glycolytic, while M2 macrophages utilize fatty acid metabolism and mitochondrial oxidative phosphorylation (OXPHOS).^\[[@R9],[@R14]\]^ Recent studies indicated that disruption of cellular energy metabolism directly altered macrophage M1/M2 fate and inflammatory functions. Shifting of macrophage metabolism towards glycolysis drove a pro-inflammatory phenotype,^\[[@R15]\]^ whereas promotion of mitochondrial OXPHOS primed macrophages for alternative activation and inhibited the production of pro-inflammatory cytokine.^\[[@R16]\]^ Therefore, improvement in macrophage polarization imbalance in atherosclerosis might be achieved by regulating glycolysis and mitochondrial energy metabolism.

Metformin has been used as a glucose-lowering medication in humans for more than 60 years and is now recommended as first-line treatment for type 2 diabetes.^\[[@R17]\]^ Several clinical trials suggested a cardiovascular protective effect by using metformin in individuals with diabetes,^\[[@R18],[@R19]\]^ while anti-atherosclerotic mechanisms of metformin remained poorly understood. Metformin has been implicated to improve glucose and lipid metabolism by regulating mitochondrial function and adenosine monophosphate-activated protein kinase (AMPK) activity in insulin-targeted cells,^\[[@R20]\]^ but the metabolic effects on atherosclerotic-related immune cells such as macrophages remained elusive. So, this study aimed to investigate the regulatory role of metformin in macrophage energy metabolism and whether this metabolic regulation mediates phenotypic conversion of macrophages in atherosclerosis or not.

Methods
=======

Cell culture
------------

Raw264.7 cells, a murine macrophage cell line, were obtained from Jiangsu KeyGENBioTECH Corp., Ltd (China) and grown in high glucose Dulbecco\'s modified Eagle medium (Gibco, Grand Island, NY, USA) supplemented with 10% (vol/vol) fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco). The cells were incubated at 37°C in a humidified atmosphere of 5% CO~2~ and 95% air and were grown to 60% to 70% confluence.

Cell treatment
--------------

Cells (3 × 10^5^/mL) were plated into six-well plates overnight for attachment. Then the media were removed and cells were treated with/without Ox-LDL (50 μg/mL; Yiyuan biotechnologies, Guangzhou, China) in the presence or absence of metformin (15 μmol/L; Sigma, St Louis, MO, USA) for 24 h.

Real-time polymerase chain reaction
-----------------------------------

Total RNA was extracted from cells using RNeasy kit (Qiagen, Hilden, Germany). The complementary DNA (cDNA) was prepared using a cDNA reverse transcription kit (Takara, Dalian, China) according to the manufacturer\'s instructions. The expression of messenger RNA (mRNA) was measured on real-time polymerase chain reaction (PCR) system (Applied Biosystems, Carlsbad, CA, USA) using TaqMan probes. The PCR conditions were as follows: one cycle of 95°C for 10 s, followed by 40 cycles of 60°C for 30 s and 72°C for 30 s. The primers used to quantify the transcription of tumor necrosis-alpha (TNF-α), interleukin (IL)-6, IL-10, resistin-like molecule alpha (Retnla), mitochondria (mt)-ND1 and mt-ND4 are shown in Table [1](#T1){ref-type="table"}. Fold changes in the expression were calculated by Ct method using β-actin as an endogenous control for mRNA expression.
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Western blotting analysis
-------------------------

Cells were washed twice with phosphate buffer saline (PBS) and then were lysed in radio-immunoprecipitation assay buffer with protease and phosphatase inhibitors on ice for immunoblotting. The mixture was collected and centrifuged at 13,000 × *g* for 15 min at 4°C, and the resulting supernatants were used as the cellular lysates. Protein content was detected using bicinchoninic acid protein assay kit (Thermo Fisher, Waltham, MA, USA). Aliquots (30 μg) of cell lysates were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then trans-blotted onto the polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). After being blocked with 5% bovine serum albumin (BSA), blots were incubated with various primary antibodies including rabbit anti-Akt 1/2/3 (Thermo Fisher), rabbit anti-dynamin-related protein 1 (DRP-1), optic atrophy 1 (OPA1), mitofusin 2 (MFN2), Akt substrate of 160 kDa (AS160), nicotinamide adenine dinucleotide:ubiquinone oxidoreductase core sub-unit S3 (NDUFS3; Abcam, Cambridge, UK), rabbit anti-AMPK, P-AMPK (Thr172), acetyl-CoA carboxylase (ACC), ACC phosphorylation (p-ACC; Ser79), P-Akt (Ser473), TBC1 family domain member 1 (TBC1D1) phosphorylation (p-TBC1D1; Ser660) (CST, Beverly, MA, USA), anti-P-AS160 (T642) (Biorbyt, Cambridge, UK), anti-carnitine palmitoyltransferase (CPT)-1b (SAB, Nanjing, China), and rabbit anti-β-actin (Bio-world, St. Louis Park, MN, USA) at 4°C overnight. This was followed by incubation with horseradish peroxidase-conjugated anti-rabbit secondary antibody (Bio-world) at room temperature for 70 min. The protein bands were detected by enhanced chemiluminescence using a Syngene system. Protein quantification was measured by using Image J software (National Institutes of Health, Bethesda, Maryland, USA) and normalized by β-actin.

Immunofluorescence
------------------

Raw264.7 cells were plated on the cover glass, washed with PBS, fixed in 4% paraformaldehyde at room temperature for 30 min, permeabilized with 0.5% Triton X-100, blocked with 3% BSA, and stained with anti-glucose transporter 1 (anti-GLUT1) antibody (1:500, Abcam) overnight at 4°C. The cells were re-washed and incubated with AlexaFluor 488 anti-rabbit IgG secondary antibody (Beyotime Biotechnology, China) for 30 min. The cells were washed again and stained with 4′,6-diamidino-2-phenylindole (1:5000, Thermo Fisher) for 5 min. Images were captured with an Olympus confocal microscope (FV10i; Olympus, Tokyo, Japan) and analyzed with Olympus Confocal software.

Glucose consumption
-------------------

Cells were treated as above and cultured media was collected and centrifuged at 8000 × *g* for 5 min at room temperature to remove cell debris. The resulting supernatant was used to determine glucose concentrations by glucose uptake kit (Jiancheng Biotechnology, China) according to the manufacturer\'s instructions. The 10 μL of supernatant was added to 200 μL working solutions that comprised of R1 and R2 in 1:1 ratio and incubated at 37°C for 15 min. The concentration of glucose was measured by a microplate reader (Molecular Devices M3) at 450 nm absorbance. Cell glucose consumption was expressed as the concentration of glucose in the conditional media subtracted from the total glucose of media and normalized by cellular protein concentration.

Lactic acid measurement
-----------------------

After treatment, the cultured media was collected and then centrifuged at 8000 × *g* for 5 min at room temperature. The resulting supernatant was used to determine the secretion of cellular lactic acid by lactic acid detection kit (Jiancheng Biotechnology) according to the manufacturer\'s instructions. The concentration of lactic acid was measured by a plate reader at 530 nm absorbance and normalized by protein concentration.

Cellular reactive oxygen species detection
------------------------------------------

Macrophages were washed with PBS and loaded with dichloro-dihydro-fluorescein diacetate probe (Sigma). After incubation for 30 min, the cells were washed with serum-free media and collected in fluorescence-activated cell sorting (FACS) tubes. The cells were centrifuged at 1000 × *g* for 5 min at 4°C and re-suspended in ice-cold PBS. This was repeated once and the cellular reactive oxygen species (ROS) levels were determined by fluorescent microplate reader (Molecular Devices M3) with Ex 488 nm/Em 525 nm and were normalized to protein concentrations.

Mitochondrial membrane potential measurement
--------------------------------------------

Macrophages were washed with PBS and loaded with probe JC-1 (Sigma). After incubation for 20 min, cells were washed with serum-free media and collected in FACS tubes. The cells were centrifuged at 1000 × *g* for 5 min under 4°C and re-suspended in ice-cold PBS. This procedure was repeated once and green fluorescent intensity (JC-1 monomer) was determined by fluorescent microplate reader (Molecular Devices M3) with Ex 490 nm/Em 530 nm and red fluorescent intensity (JC-1 aggregates) with Ex 525 nm/Em 590 nm. Mitochondrial membrane potential was calculated as red fluorescence intensity divided by green fluorescent intensity and was normalized to protein concentrations of cellular lysates.

Cellular adenosine triphosphate measurement
-------------------------------------------

Cells were washed twice with PBS and harvested in lysis buffer provided by adenosine triphosphate (ATP) detection kit (Beyotime Biotechnology) on ice. The mixture was collected and centrifuged at 12,000 × *g* for 5 min at 4°C, and the resulting supernatants were used to determine ATP production according to the manufacturer\'s instructions. The 100 μL working solutions were added to the plate, incubated at room temperature for 3 to 5 min and mixed with 10 μL of supernatant for 2 s. The relative light unit of ATP was then measured using the GloMaxTM96 luminometer by microplate reader. Cellular ATP concentrations were calculated by standard curve and normalized by protein concentrations of cellular lysates.

Statistical analysis
--------------------

The data are presented as mean ± standard deviation. Differences between groups were analyzed using one-way analysis of variance by GraphPad Prism software version 8.0 (GraphPad Software Inc., San Diego, CA, USA). Statistical significance was accepted at *P* ≤ 0.05.

Results
=======

Metformin improving Ox-LDL-impaired anti-inflammatory phenotype in Raw264.7 macrophages
---------------------------------------------------------------------------------------

M1 macrophages have been implicated in the pathogenesis of atherosclerosis^\[[@R9]\]^ and are induced by oxidatively-modified lipids and lipoproteins, the major lipid components in atherosclerotic environment.^\[[@R21]\]^ So, we examined the regulatory role of metformin, with established cardiovascular protective effects in humans and animals, in macrophage polarization in Ox-LDL treated raw264.7 macrophages. We characterized the genetic signature of polarized macrophages by quantifying the transcription of M1 and M2 markers. The real time-PCR results showed that Ox-LDL produced an inflammatory phenotype in macrophages by up-regulating the transcription of M1 markers TNF-α (1.01 ± 0.01 *vs.* 1.69 ± 0.29, *P* = 0.030) and IL-6 (1.12 ± 0.17 *vs*. 4.90 ± 1.66, *P* = 0.030) \[Figure [1](#F1){ref-type="fig"}A and 1B\], as well as down-regulating M2 markers IL-10 (0.96 ± 0.05 *vs.* 0.76 ± 0.04, *P* = 0.002). Metformin treatment significantly increased the transcription of M2 markers in Ox-LDL-loaded macrophages (IL-10: 0.76 ± 0.04 *vs*. 0.94 ± 0.01, *P* \< 0.001; Retnla: 0.67 ± 0.08 *vs.* 1.78 ± 0.34, *P* = 0.030) \[Figure [1](#F1){ref-type="fig"}C and 1D\], while there were no detectable changes in M1 markers (TNF-α: 1.69 ± 0.29 *vs*. 1.56 ± 0.22, *P* = 0.850; IL-6: 4.90 ± 1.66 *vs*. 4.00 ± 1.34, *P* = 0.710) \[Figure [1](#F1){ref-type="fig"}A and 1B\]. These indicated the presence of an anti-inflammatory phenotype primed by metformin in Ox-LDL-loaded macrophages.

![Metformin up-regulated the transcription of M2 markers in Ox-LDL loaded macrophages. Raw264.7 macrophages were incubated with/without Ox-LDL in the presence and absence of metformin for 24 h and cellular cDNA was used for real-time polymerase chain reaction of M1 and M2 markers, respectively. Transcription of M1 inflammatory markers: TNF-α (A), IL-6 (B) and M2 anti-inflammatory markers IL-10 (C) and Retnla (D) between groups. ^∗^*P* \< 0.05, ^†^*P* \< 0.01 *vs.* control; ^‡^*P* \< 0.01, ^§^*P* \< 0.05 *vs.* Ox-LDL. IL: Interleukin; Ox-LDL: Oxidized low-density lipoprotein; Retnla: Resistin-like molecule alpha; TNF: Tumor necrosis factor.](cm9-132-1713-g002){#F1}

Metformin improving Ox-LDL-impaired mitochondrial function
----------------------------------------------------------

Mitochondria play a critical role in oxidative metabolism, fuel energy for polarization towards M2 macrophages, and sequential immune responses.^\[[@R22]\]^ We, therefore, investigated the regulatory role of metformin in mitochondrial metabolism in Ox-LDL-treated macrophages. Our results showed that metformin significantly decreased Ox-LDL-up-regulated ROS production (2.50 ± 0.07 *vs*. 2.15 ± 0.04, *P* = 0.040) \[Figure [2](#F2){ref-type="fig"}A\], and also increased Ox-LDL-impaired mitochondrial membrane potential (0.67 ± 0.05 *vs*. 0.86 ± 0.05, *P* = 0.040) \[Figure [2](#F2){ref-type="fig"}B\], correlating with an elevated cellular ATP production in metformin-treated macrophages (0.026 ± 0.001 *vs*. 0.035 ± 0.003, *P* = 0.020) \[Figure [2](#F2){ref-type="fig"}C\]. We further tested the effects of metformin on mitochondrial DNA integrity and mitochondrial morphologies, both reported to regulate mitochondrial function.^\[[@R23]\]^ The results indicated that metformin up-regulated Ox-LDL-diminished mitochondrial DNA copy number (mt-ND-4: 0.42 ± 0.16 *vs*. 1.04 ± 0.24, *P* = 0.040; mt-ND-1: 0.82 ± 0.42 *vs*.1.33 ± 0.40, *P* = 0.450) \[Figure [2](#F2){ref-type="fig"}D\], and increased the protein expression of fusion-related protein Mfn2 (0.55 ± 0.01 *vs*. 0.76 ± 0.01, *P* = 0.002),with little effects on fusion-related protein OPA1 (0.84 ± 0.03 *vs*. 0.77 ± 0.04, *P* = 0.110) and fission-related protein Drp-1 (0.77 ± 0.02 *vs*. 0.82 ± 0.01, *P* = 0.070) \[Figure [2](#F2){ref-type="fig"}E\]. All these results suggested that metformin might promote macrophage oxidative metabolism by improving Ox-LDL-impaired mitochondrial function.

![Metformin treatment improved mitochondrial function of macrophages after Ox-LDL incubation. (A) Metformin decreased Ox-LDL-induced ROS generation. (B) Metformin up-regulated Ox-LDL-impaired mitochondrial membrane potential. (C) Metformin increased cellular ATP production after interaction with Ox-LDL. (D) Metformin increased mt-DNA copy number in Ox-LDL-loaded macrophages. (E) Effects of metformin on protein expression of mitochondrial fusion related-proteins Mfn2, OPA1 and fission-related protein Drp-1. ^∗^*P* \< 0.05, ^‡^*P* \< 0.01 *vs*. control; ^†^*P* \< 0.05, ^§^*P* \< 0.01 *vs*. Ox-LDL. ATP: Adenosine triphosphate; Drp-1: Dynamin-related protein 1; MFI: Mean fluorescent intensity; Mfn2: Mitofusin 2; mt-ND: Mitochondria nicotinamide adenine dinucleotide:ubiquinone oxidoreductase chain; OPA1: Optic atrophy 1; Ox-LDL: Oxidized low-density lipoprotein; RLU: Relative light unit; ROS: Reactive oxidative species.](cm9-132-1713-g003){#F2}

Metformin increasing Ox-LDL-impaired lipid and glucose metabolism in raw264.7 cells
-----------------------------------------------------------------------------------

We then explored the characteristics of lipid and glucose metabolism in Ox-LDL-loaded macrophages after treatment with metformin. Our results showed that metformin significantly up-regulated Ox-LDL-impaired p-ACC (0.44 ± 0.02 *vs*. 0.78 ± 0.03, *P* = 0.002) and CPT-1b expression (0.61 ± 0.00 *vs.* 0.95 ± 0.01, *P* \< 0.001), which subsequently mediated lipid synthesis inhibition and fatty acid oxidation, respectively \[Figure [3](#F3){ref-type="fig"}A\]. However, there were no detectable changes of NDUFS3 expression between groups (*P* = 0.230), the core sub-unit of mitochondrial complex I, which was considered as the main respiratory-chain target of metformin.^\[[@R20]\]^ This indicated that metformin might improve oxidative metabolism independent of mitochondrial respiratory chain complexes regulation. With respect to glucose metabolism, we found that glucose consumption was decreased after Ox-LDL loading (5.77 ± 0.04 *vs*. 6.39 ± 0.03, *P* \< 0.001), which was reversed by metformin treatment (4.78 ± 0.04 *vs*. 5.47 ± 0.01, *P* \< 0.001) \[Figure [3](#F3){ref-type="fig"}B\]. In contrast, metformin significantly down-regulated Ox-LDL-induced lactic acid production in raw264.7 macrophages (8.61 ± 0.67 *vs.* 6.42 ± 0.06, *P* = 0.002) \[Figure [3](#F3){ref-type="fig"}C\]. Moreover, a decreased ratio of lactic output by glucose input in the presence of metformin was observed in Ox-LDL-treated macrophages (1.92 ± 0.15 *vs*. 1.18 ± 0.01, *P* \< 0.001) \[Figure [3](#F3){ref-type="fig"}D\], implying that metformin mediated-increased glucose flux might enter into oxidative metabolic pathway instead of glycolysis in Ox-LDL-loaded macrophages.

![Metformin improved lipid and glucose oxidation in Ox-LDL-loaded macrophages. (A) Effects of metformin on protein expression of enzymes mediating lipid synthesis and oxidation. (B) Metformin increased Ox-LDL-impaired glucose consumption. Glucose consumption was normalized by protein concentrations of cellular lysates. (C) Metformin decreased lactic acid production in Ox-LDL-loaded macrophages. Lactic acid levels were normalized by protein concentrations of cellular lysates. (D) Metformin down-regulated the ratio of lactic acid output by glucose input in the presence of Ox-LDL. ^∗^*P* \< 0.05, ^†^*P* \< 0.01, ^§^*P* \< 0.001 *vs.* control; ^‡^*P* \< 0.01, ^**\|\|**^*P* *\<* 0.001 *vs.* Ox-LDL. CPT-1b: Carnitine palmitoyltransferase 1b; NDUFS3: Nicotinamide adenine dinucleotide:ubiquinone oxidoreductase core sub-unit S3; Ox-LDL: Oxidized low-density lipoprotein; p-ACC: Acetyl-CoA carboxylase phosphorylation.](cm9-132-1713-g004){#F3}

Metformin-mediated Akt activation increased GLUT1 transport in Ox-LDL loaded macrophages
----------------------------------------------------------------------------------------

Two paralogue Rab GTPase activating proteins AS160 (also known as TBC1D4) and TBC1D1 have been implicated in the regulation of glut traffic to plasma membrane in insulin-targeted cells through phosphorylation by Akt and AMPK, respectively.^\[[@R24]\]^ However, few studies have evaluated the possible role of AS160 and TBC1D1 in noninsulin-stimulated glucose transport. As we observed the increased membrane translocation of GLUT1, the primary glucose transporter in murine macrophages^\[[@R25]\]^ by metformin treatment \[Figure [4](#F4){ref-type="fig"}A, see white arrow\], the role of metformin in AS160 and TBC1D1 regulation, as well as the upper-stream kinases Akt and AMPK were examined in Ox-LDL-loaded macrophages. Western blotting analysis showed that in the absence of Ox-LDL, metformin treatment up-regulated AMPK and TBC1D1 phosphorylation (p-AMPK: 0.59 ± 0.02 *vs*. 0.93 ± 0.13, *P* = 0.030; p-TBC1D1: 0.63 ± 0.06 *vs*. 0.96 ± 0.04, *P* = 0.020), despite little change of Akt and AS160 phosphorylation (p-Akt: 0.82 ± 0.06 *vs*. 0.60 ± 0.06, *P* = 0.060; p-AS160: 1.17 ± 0.23 *vs*. 0.61 ± 0.04, *P* = 0.080). However, after Ox-LDL loading, metformin improved Ox-LDL-diminished p-Akt, specifically Ser473, and phosphorylation of AS160 (p-Akt: 0.47 ± 0.05 *vs*.1.02 ± 0.08, *P* = 0.040; p-AS160: 0.51 ± 0.04 *vs*. 1.03 ± 0.03, *P* = 0.004), while AMPK and TBC1D1 seemed to be unaffected (p-AMPK: 0.68 ± 0.06 *vs*. 0.50 ± 0.07, *P* = 0.230; p-TBC1D1: 0.56 ± 0.07 *vs*. 0.71 ± 0.07, *P* = 0.180) \[Figure [4](#F4){ref-type="fig"}B and 4C\]. Altogether, these data implied that metformin mediated-activation of Akt-AS160 phosphorylation, instead of AMPK-TBC1D1, might play an important role in promoting glucose uptake in Ox-LDL-loaded macrophages \[Supplementary Figure S1\].

![Metformin promoted Ox-LDL-impaired phosphorylation of Akt-AS160 pathway to increase GLUT1 transport. (A) GLUT1 expressions in macrophages were detected by immunofluorescence staining (green). Nuclei were stained with DAPI (blue) (original magnification ×600). (B) Metformin improved Akt-AS160 phosphorylation in the presence of Ox-LDL, while up-regulated AMPK-TBC1D1 phosphorylation in the absence of Ox-LDL. (C) Protein quantification of AMPK-TBC1D1 and Akt-AS160 pathway. Normalized by actin. ^∗^*P* \< 0.05, ^‡^*P* \< 0.01 *vs*. control; ^†^*P* \< 0.05, ^§^*P* \< 0.01 *vs.* Ox-LDL. AMPK: Adenosine monophosphate-activated protein kinase; AS160: Akt substrate of 160 kDa; DAPI: 4′,6-diamidino-2-phenylindole; GLUT1: Glucose transporter 1; Ox-LDL: Oxidized low-density lipoprotein; p-TBC1D1: TBC1 family domain member 1 phosphorylation.](cm9-132-1713-g005){#F4}

Discussion
==========

In this study, metformin primed Ox-LDL-induced inflammatory macrophages towards an anti-inflammatory phenotype, and cellular metabolic changes were considered as the underlying key mechanisms. Metformin improved Ox-LDL-impaired lipid oxidation and GLUT1 mediated glucose transport, both coupled with an up-regulation of mitochondrial oxidative metabolism. These findings provided new evidence supporting the protective role of metformin in atherosclerosis by regulating cellular metabolism in macrophages.

Metformin, a widely used anti-diabetic drug, has been reported to reduce atherosclerosis in humans and animal models.^\[[@R26]\]^ Previous studies showed that improved mitochondrial dysfunction in endothelial cells might be the underlying mechanism of cardiovascular action of metformin.^\[[@R27],[@R28]\]^ However, few studies have elucidated the regulatory role of metformin in macrophage mitochondrial function in atherosclerosis. Our results showed that Ox-LDL-induced ROS production and mitochondrial DNA damage, both implicated in the contribution of atherosclerosis,^\[[@R29],[@R30]\]^ were ameliorated by metformin treatment. Mitochondria are a major source of cellular ROS,^\[[@R31]\]^ but the exact relationship between mtDNA damage and ROS is unclear. ROS could damage mitochondrial DNA^\[[@R33]\]^ and reduced ROS has been observed by increased mtDNA integrity in the cells.^\[[@R34]\]^ However, Yu *et al*^\[[@R30]\]^ found that increasing mtDNA copy number increased the abundance of mitochondrial respiratory chain complexes I, resulting in improved mitochondrial respiration independent of changes in ROS both *in vivo* and *in vitro*. Though we did not observe any up-regulation of NDUFS3, the key component of mitochondrial respiratory chain complexes I, in metformin-treated macrophages, the increased lipid oxidation, and elevated cellular ATP production implied an overall improvement of mitochondrial respiratory efficiency by metformin treatment. And the causative link between decreased ROS and increased mtDNA copy number mediated by metformin in the regulation of macrophage mitochondrial function needed further investigations.

An imbalance in the fusion/fission dynamics dramatically changed the overall mitochondrial morphology,^\[[@R32]\]^ consequently altering the mitochondrial function. Mitochondrial fission is the division of a mitochondrion within a cell to form two or more separate mitochondrial compartments that are controlled by DRP1/dynamin-like protein 1/dynamin-1 and fission 1.^\[[@R33]\]^ Whereas mitochondrial fusion merges two or more mitochondria within a cell to form a single compartment, which is regulated by at least three proteins: OPA1, MFN1, and MFN2^\[[@R34]\]^ in mammals. Wang *et al*^\[[@R28]\]^ demonstrated that metformin-mediated AMPK activation down-regulated hyperglycemia-induced Drp-1 expression, resulting in increased mitochondrial fusion in vascular endothelial cells and attenuation of diabetes-accelerated atherosclerosis in mouse models. However, our results showed that metformin increased Ox-LDL impaired-mitochondrial fusion in macrophages by specifically up-regulating Mfn2, with no detectable changes in AMPK phosphorylation and Drp-1 expression. This discrepancy in observation might be related with the treated cell types and extra-cellular stimuli and required further studies.

A study showed that GLUT1 distribution could be regulated by kinase-mediated phosphorylation of AS160,^\[[@R35]\]^ raising the possibility that metformin might regulate GLUT1 mobilization through kinase-mediated mechanisms. Our results showed that metformin up-regulated Ox-LDL-impaired p-(Ser473) Akt expression and downstream AS160 phosphorylation. Moreover, decreased lactic acid production over increased glucose uptake was observed in metformin-treated macrophages, suggesting an increased coupling of glucose metabolism to OXPHOS.^\[[@R36]\]^ Whether Akt was the target for metformin-mediated glucose oxidation \[Supplementary Figure S1\] requires more rigorous tests.

Notably, our studies showed that metformin treatment down-regulated the protein expression of total ACC in raw264.7 macrophages, so did Ox-LDL treatment \[Figure [3](#F3){ref-type="fig"}A\] as well as other stress,^\[[@R37]\]^ indicating that ACC might be sensitive to environmental cues, which might explain why there was no overall increase of p-ACC expression, while metformin significantly increased p-AMPK \[Figure [4](#F4){ref-type="fig"}B\]. Indeed, metformin obviously up-regulated the ratio of p-ACC/ACC compared to that of control \[Supplementary Figure S2\], consistent with the previous finding that activated AMPK phosphorylates ACC.^\[[@R38]\]^ Of note, our experiments showed that metformin slightly increased ROS production, along with an increase of ATP production, in metformin-treated macrophages, suggesting that metformin induced a stress that contributed to the reduction of ACC expression, which warrants further experiments and clarification.

Multiple studies have shown that metformin provided cardiovascular protection in clinical trials and animal models of atherosclerosis, and macrophages have been widely recognized as an important player in atherosclerosis. However, the exact mechanism that metformin ameliorate atherosclerosis pathogenesis was not clear. Previous studies confirmed that metformin inhibited inflammatory phenotype in Ox-LDL-loaded macrophages *in vitro*,^\[[@R39]\]^ and here we investigated whether metformin modulated inflammantory status of Ox-LDL loaded macrophages by regulating cellular oxidative metabolism, particularly mitochondrial function. However, the role of metformin and the inflammation of macrophage in atherosclerosis were complex. For example, anti-inflammatory cytokine IL-10 attenuated atherosclerosis in mouse models,^\[[@R40],[@R41]\]^ but promoted foam cell formation, an important contributor to atherosclerosis *in vitro*.^\[[@R42]\]^ In the context of knowing the beneficial role of metformin *in vivo* (both in animals and in clinic), and the complication of its *in vivo* effect mechanistically, the current study was set to assess whether, and how, metformin directly acts on macrophage, as a piece of information adding to the picture of metformin pharmacology that is still puzzling the research community. The key findings of our studies were that metformin improved Ox-LDL-impaired mitochondrial function and cellular metabolism, implying the therapeutic potential of targeting macrophage metabolism in treating atherosclerosis. However, further studies are required to conclude whether or not these findings are physiologically significant.

In conclusion, this study shows that metformin regulated macrophage cellular metabolism in a way that is intimately linked to the cell\'s inflammatory phenotype. Metabolic reprogramming of Ox-LDL loaded macrophages towards alternatively activated M2 cells by metformin treatment provides a new therapeutic target for the treatment of atherosclerosis.
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